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Introduction {#sec1}
============

In developing mammalian brains, huge numbers of neurons are generated from a relatively small number of neural progenitor cells. For this, neural progenitors expand by symmetric division before switching to an asymmetric division mode to generate neurons ([@bib18]). In the developing mouse brain, neuroepithelial progenitors (NPs) span from the ventricular to the pial surface of the neural tube before the onset of neurogenesis. At around embryonic day 10.5 (E10.5), neurogenesis begins with the transformation of NPs into radial glial progenitors (RGPs), which express astroglial hallmarks such as brain lipid binding protein (BLBP), the astrocyte-specific glutamate transporter (GLAST), and Tenascin C (TN-C) ([@bib22; @bib21; @bib31; @bib18]). RGPs display apical-basal polarity and bear apical and basal processes that maintain their contacts with both the ventricular and pial surfaces. However, the cell bodies of RGPs are confined to the ventricular zone (VZ) that lines the lateral wall of the ventricles. In concert with their cell-cycle state, they undergo interkinetic nuclear migration (INM) ([@bib53]): RGPs go through mitosis at the apical surface of the VZ. During the G1-S phase of the cell cycle, they migrate basally so that S phase reproducibly occurs on the basal edge of the VZ. RGPs display two modes of cell division. They divide symmetrically and generate two daughter cells that retain RGP properties to expand the number of neural progenitors. Alternatively, they divide asymmetrically giving rise to distinct daughter cell fates. Asymmetric RGP divisions produce either one RGP and one neuron or generate one RGP and one basal progenitor (BP, also called intermediate progenitor) ([@bib42; @bib7; @bib36]). BPs delaminate from the VZ and form the second germinal zone, the subventricular zone (SVZ), where they divide symmetrically to generate two neurons. In some cases, they can also generate two BPs to expand the basal progenitor pool ([@bib42; @bib1]). BPs emerge at E10.5 and become abundant from E13.5--E16.5, coinciding with the peak of neurogenesis ([@bib12]). They are thought to be the source of most, if not all, neurons in the cortex ([@bib48]).

The transition of NPs into RGPs is a crucial event during mammalian brain development. Even subtle changes in progenitor cell numbers resulting from increased symmetric divisions at the onset of neurogenesis can have dramatic effects on the expansion of the cortical surface and ultimately on brain size ([@bib45; @bib8]). Mice expressing a stabilized form of β-Catenin in NPs, for example, display a significantly increased number of neural progenitors and show considerably increased cerebral cortical surface area and brain size ([@bib9]). The timing of the NP to RGP transition is controlled by Notch signaling. Constitutively expressed activated Notch1, for example, promotes RGP cell fate in the developing mouse forebrain ([@bib15]). In addition, Fgf10 has been shown to regulate the differentiation of NPs into RGPs ([@bib47]). Precisely how the transition between proliferative and neurogenic divisions is controlled to safeguard the proper number of neural progenitors is not clear.

Orientation of the mitotic spindle has been implicated in regulating symmetric and asymmetric cell division of neural progenitors, both in invertebrates and vertebrates ([@bib39; @bib51; @bib11; @bib32]). In *Drosophila* neuroblasts, spindle orientation is essential for correct asymmetric segregation of the cell fate determinants Numb, Brat, and Prospero into only one daughter cell and for correctly specifying neuronal and neuroblast fates ([@bib28]). In the developing mouse brain, early symmetric NP divisions occur with a mitotic spindle that is oriented parallel to the ventricular surface during the neuroepithelial stages before neurogenesis begins. Spindle orientation is tightly controlled by *Lis1* (also known as *Pafah1b1*), a gene that is mutated in lissencephaly (smooth brain) patients and Lis1 acts with its binding partners Ndel1 and dynein ([@bib49; @bib56]). The Lis1/Ndel1/dynein complex interacts with the plus ends of astral microtubules and promotes microtubule capture at the cell cortex. Disruption of Lis1 leads to misorientation of the mitotic spindle in NPs and programmed cell death of NPs, suggesting a role of spindle orientation in the regulation of NP survival ([@bib56]). During the peak of neurogenesis, the fraction of obliquely/vertically oriented spindles rises with increasing neurogenesis rates ([@bib26; @bib16]). Recently, oblique spindle orientation mediated by overexpression of the mouse protein Inscuteable has been shown to regulate indirect neurogenesis rates ([@bib44]). Collectively, orientation of the mitotic spindle plays various roles over the course of cortical development. How spindle orientation regulates neural progenitor proliferation and differentiation, especially at the onset of neurogenesis, however, is poorly understood.

Many of the key regulators of neurogenesis have been identified in the fruitfly *Drosophila* and were later shown to act similarly in the mouse neocortex ([@bib4]). Here, we make use of a genome-wide RNAi screen performed in *Drosophila* neuroblasts to identify the protein phosphatase PP4c (PP4c) as a regulator of mouse cortical neurogenesis. In *Drosophila* neuroblasts, PP4c is required for correct asymmetric cell division ([@bib52]) and acts as a tumor suppressor that is required for proper control of neural stem cell number ([@bib40]). We examined mice in which *PP4c* is deleted by Emx1Cre or NestinCre at different stages of cortical development. At the onset of neurogenesis, loss of PP4c resulted in a spindle misoriention phenotype in neural progenitors and caused them to switch from proliferative to neurogenic divisions. Eventually, this led to severe defects in cortical layering. When PP4c was removed during later stages, however, cortical layering is unaltered even though spindle orientation is randomized. Our data suggest that precise spindle orientation is required for cortical development during a critical time window to prevent asymmetric neurogenic divisions at the early stages of cortical development.

Results {#sec2}
=======

Expression and Subcellular Localization of PP4c in the Developing Neocortex {#sec2.1}
---------------------------------------------------------------------------

To evaluate the role of PP4c during cortical development, we first examined its expression in the developing mouse brain. In situ hybridization showed abundant *PP4c* mRNA expression in the VZ ([Figures S1](#mmc1){ref-type="supplementary-material"}A--S1C available online). Western blot analysis revealed that PP4c expression was high at E11.5 when the cortical neuroepithelium is largely composed of neural progenitors, persisted until E17.5, and was downregulated in the postnatal stage ([Figure 1](#fig1){ref-type="fig"}A). Immunostaining of E14.5 cortical sections showed that PP4c expression was increased in the VZ compared to the more basal cortical areas ([Figure 1](#fig1){ref-type="fig"}B). Higher magnification and costaining with γ-Tubulin revealed that PP4c localized to the centrosomes of RGPs located at the VZ surface ([Figures 1](#fig1){ref-type="fig"}C and 1D). This is consistent with the localization of PP4c in *Drosophila* embryos ([@bib24]) and mammalian cell lines ([Figures S1](#mmc1){ref-type="supplementary-material"}D and S1E) ([@bib54; @bib5]). The higher expression levels of *PP4c* during embryogenesis and its centrosomal localization in RGPs suggest that PP4c might be important for embryonic brain development.

PP4c Is Essential for Cortical Layer Formation {#sec2.2}
----------------------------------------------

To analyze the role of *PP4c* in cortical development, we conditionally inactivated *PP4c* in the developing neocortex by crossing mice with loxP-flanked alleles of *PP4c* (*PP4c*^flox/flox^) ([@bib54]) with Emx1Cre. Emx1Cre drives Cre-mediated recombination in cortical progenitors and activates at E10.5 when neurogenesis begins ([@bib17; @bib10]). *PP4*c^flox/flox^;Emx1Cre (*PP4c*^fl/fl^;Emx1Cre) mice died shortly after birth. Histological analysis of *PP4c*^fl/fl^;Emx1Cre brains showed global reduced cerebral cortex and brain size compared to heterozygous control brains *PP4c*^fl/+^;Emx1Cre (Ctr) ([Figure S2](#mmc1){ref-type="supplementary-material"}). During development, cortical layers form in an "inside-out" fashion and deep layers are composed of early-born neurons, while superficial layers are composed of later-born neurons ([@bib46]). The cortical layers of E18.5 *PP4c*^fl/fl^;Emx1Cre brains were thinner and more disorganized than their control counterparts ([Figure 1](#fig1){ref-type="fig"}). Brn2-positive neurons, which are produced during late neurogenesis and form the upper cortical layers II-III, did not form a cohesive layer in the cortex of *PP4c*^fl/fl^;Emx1Cre brains. Some Brn2-positive neurons are found even in the deep cortical layers ([Figures 1](#fig1){ref-type="fig"}E and 1H). Layer V neurons, produced around the peak of neurogenesis ([@bib38]) and positive for Ctip2, were dispersed throughout the cortex in *PP4c*-deficient brains ([Figures 1](#fig1){ref-type="fig"}F and 1I). In contrast, the majority of neurons in the cerebral cortex of *PP4c*^fl/fl^;Emx1Cre brains are Tbr1 positive, although they are not organized into a cohesive layer ([Figures 1](#fig1){ref-type="fig"}G and 1J). Thus, *PP4c* is required in RGPs at the onset of neurogenesis for proper cortical layer formation.

PP4c Is Required to Maintain the Progenitor Pool at the Onset of Neurogenesis {#sec2.3}
-----------------------------------------------------------------------------

To identify the cellular basis for the layering defect, we examined neuronal differentiation by immunostaining for the early neuronal marker Tuj1. At E11.5, shortly after Emx1Cre activation, we did not observe any obvious differences in neuronal differentiation between heterozygous control and *PP4c* mutant mouse brains ([Figures 2](#fig2){ref-type="fig"}A and 2D). At E12.5, however, more neurons were generated in the mutants when compared to control brains ([Figures 2](#fig2){ref-type="fig"}B and 2E). This phenotype is even stronger at E13.5 when almost the entire cortex including the VZ and SVZ is occupied by differentiated neurons in mutant mice ([Figure 2](#fig2){ref-type="fig"}F), while only a few neurons in the cortical plate are seen in controls ([Figure 2](#fig2){ref-type="fig"}C).

To examine whether supernumerary neurons are generated at the expense of progenitors, we stained control and mutant brain sections for phospho-Histone H3 (PH3) to mark mitotic progenitors. At E11.5, the numbers of PH3-positive progenitors in mutant and control brains were comparable ([Figures 2](#fig2){ref-type="fig"}G, 2J, and 2M). At E12.5, however, the number of mitotic progenitors was significantly reduced in the mutant brains and this effect became even stronger at E13.5 ([Figures 2](#fig2){ref-type="fig"}H, 2I, 2K, 2L, and 2M). When we examined the number of Pax6-positive RGPs and Tbr2-positive BPs, we found that both types of progenitors were depleted in the *PP4c* mutant brains ([Figures 2](#fig2){ref-type="fig"}N--2S). Interestingly, loss of PP4c seems to have stronger effects on Tbr2-positive BPs (37.5% of control) compared to Pax6-positive RGPs (67.5% of control). The reduction in BP cell number could be an indirect consequence of the reduction in RGPs, although we cannot rule out that PP4c directly regulates BPs. To test whether the observed generation of supernumerary neurons correlates with increased cell-cycle exit, we labeled cycling progenitors by EdU incorporation at E12.5 and stained for the proliferation marker Ki67 24 hr later, at E13.5. Cells that have exited the cell cycle during those 24 hr are expected to be EdU positive but Ki67 negative. Indeed, we found that more cells exit the cell cycle in *PP4c*-deficient brains (22.08%) compared to control brains (11.65%) ([Figures 2](#fig2){ref-type="fig"}T--2V). Thus, our data demonstrate that PP4c is necessary to prevent neuronal differentiation and maintain the progenitor pool during the early stages of mouse cortical development.

PP4c Is Required for Proper Spindle Orientation in RGPs {#sec2.4}
-------------------------------------------------------

As PP4c is concentrated at centrosomes ([Figure 1](#fig1){ref-type="fig"}), we tested whether the defects observed in the knockout mice are due to spindle morphology or orientation defects in cortical progenitor cells. Tubulin staining demonstrated that the overall morphology of mitotic spindles in cortical progenitors is unaffected ([Figures S3](#mmc1){ref-type="supplementary-material"}A--SH). In addition, the number of centrosomes was not altered obviously in *PP4c* mutant brains ([Figures S3](#mmc1){ref-type="supplementary-material"}I--SL). Using established methodology ([Figures S3](#mmc1){ref-type="supplementary-material"}M--SO) ([@bib44]), we determined the orientation of mitotic spindles in wild-type and *PP4c* mutant cortical progenitors in three dimensions (3D) ([Figure 3](#fig3){ref-type="fig"}A). Spindle orientation was analyzed at E11.5 to avoid indirect effects from the cell-fate transformations observed at E12.5. Brain sections were stained for PH3 (to mark mitotic progenitors), γ-Tubulin (for centrosomes), and N-Cadherin (to outline cells). Only cells in ana- or early telophase were analyzed. In control brains, nearly 90% of the mitotic spindles are between 0° and 15° relative to the ventricular surface and only 10% are between 15° and 30° ([Figure 3](#fig3){ref-type="fig"}B). This is consistent with previous studies, although the method of spindle orientation measurement is different ([@bib23; @bib29; @bib30]). In *PP4c* knockout brains, however, only 43.2% of the spindles are between 0° and 15°, 27.1% are between 15° and 30°, and 27% are between 30° and 60°; 2.7% of the mitotic spindles are between 60° and 90°, a close to vertical orientation that we never observed in controls ([Figure 3](#fig3){ref-type="fig"}B). Statistical analysis indicates that these defects are highly significant ([Figure 3](#fig3){ref-type="fig"}C). Thus, PP4c is essential for proper horizontal spindle orientation during the early phases of cortical development.

Previous experiments have demonstrated that altering spindle orientation in neuroepithelial cells results in widespread apoptosis and led to the conclusion that spindle orientation is essential for neuroepithelial cell survival ([@bib56]). Consistent with those data, both TUNEL labeling and staining for activated caspase-3 reveal extensive cell death in *PP4c*^fl/fl^; Emx1Cre mice. Costaining those mice for lineage markers, however, shows that the vast majority of dying cells have neuronal identity, while progenitor cells are not affected (0.79% of Pax6-positive cells are positive for TUNEL, 2% of Tbr2-positive cells are positive for TUNEL, whereas nearly 90% of caspase-3-positive cells are neurons) ([Figures 3](#fig3){ref-type="fig"}D--3I). Thus, we propose that apoptosis is a secondary consequence of premature neurogenesis that might occur because neuronal survival factors might be missing at those early stages of cortical development.

PP4c Regulates Neurogenesis through Spindle Orientation during a Critical Time Window {#sec2.5}
-------------------------------------------------------------------------------------

To ask whether PP4c is required for lineage specification throughout cortical development or only during a specific time window, we crossed *PP4c*^flox/flox^ mice with a NestinCre line (Nes11Cre) to conditionally inactive *PP4c* in the forebrain at E11.5 (*PP4c*^fl/fl^;NesCre), 1 day later than Emx1Cre ([@bib10; @bib2]). Immunostaining confirmed the loss of PP4c at E12.5 in *PP4c*^fl/fl^;NesCre brains, 1 day later compared to Emx1Cre-mediated *PP4c* depletion ([Figure S4](#mmc1){ref-type="supplementary-material"}). Just like in earlier embryos, we detected profound and highly significant defects in the orientation of mitotic spindles in progenitor cells from those mice ([Figures 4](#fig4){ref-type="fig"}A and 4B). While more than 50% of mitotic spindles are horizontal in controls, this number is strongly decreased and the number of oblique and vertical spindles increased in *PP4c*^fl/fl^;NesCre mice. Surprisingly, however, randomization of spindle orientation at this later stage of development does not result in the abnormal cortical organization observed at earlier stages. Both superficial layer and deep layer neurons are generated and positioned correctly ([Figures 4](#fig4){ref-type="fig"}C--4H) and the drastic reduction in progenitor numbers observed in *PP4c*^fl/fl^;Emx1Cre is no longer observed (data not shown). Thus, our results define a critical time period within cortical development (E10.5--E12.5), during which planar orientation of mitotic spindles mediated by PP4c maintains symmetric divisions of cortical progenitors. Proliferative symmetric division of progenitors during this time is crucial for cortical organization and correct cortical layering.

PP4c Acts through Ndel1 and Lis1 to Regulate Spindle Orientation {#sec2.6}
----------------------------------------------------------------

Previous experiments have shown that PP4c can dephosphorylate Ndel1, a Lis1 binding partner that is localized at centrosomes ([@bib54; @bib49]). As Lis1 has recently been found to regulate spindle microtubule capture at the cell cortex and to regulate spindle orientation ([@bib56]), we analyzed whether PP4c might regulate the interaction between Ndel1 and Lis1. Lis1 and Ndel1 can be coimmunoprecipitated from both wild-type and *PP4c* knockout brains. Quantification shows, however, that the interaction is significantly weaker in knockout brains than in controls ([Figure 5](#fig5){ref-type="fig"}A). To test whether increased Ndel1 phosphorylation is indeed responsible for the *PP4c* mutant spindle orientation phenotype, we performed rescue experiments using a version of Ndel1 in which the Cdk5/Cdk1 phosphorylation sites are mutated to Alanine ([@bib41]). For this, we electroporated an shRNA construct efficiently targeting *PP4c* ([Figure S5](#mmc1){ref-type="supplementary-material"}) into cortical progenitor cells in utero at E14.5 and analyzed the electroporated brains at E17.5. Like the knockout, *PP4c* RNAi (but not a scrambled control construct) causes a significant defect in spindle orientation ([Figure 5](#fig5){ref-type="fig"}B). The spindle defect can be rescued to wild-type by coelectroporating an RNAi-resistant *PP4c* construct, indicating that it is specific. Importantly, the phenotype can also be rescued by a nonphosphorylatable form of Ndel1 (Ndel1SA) in which three of the key PP4c target residues have been mutated to Alanine. However, the phosphomimetic form of Ndel1 (Ndel1SE) cannot rescue the spindle orientation defect ([Figures 5](#fig5){ref-type="fig"}B and 5C). In addition, we observed similar spindle orientation defects when plasmids expressing Cre driven by a CAG promoter were electroporated into *PP4c*^fl/fl^ embryonic brains, indicating that the phenotype is specific to the loss of *PP4c*. Ndel1SA, but not Ndel1SE, could rescue the spindle orientation defects caused by the loss of PP4c ([Figures 5](#fig5){ref-type="fig"}B and 5C). To examine whether the nonphosphorylatable form of Ndel1 can also rescue the lineage defects at the onset of neurogenesis, we performed in utero electroporation at E11.5. Downregulation of PP4c leads to an increase of neuronal differentiation with the depletion of the progenitor pool, which is consistent with what we observed in *PP4c*^fl/fl^;Emx1Cre brains ([Figures S6](#mmc1){ref-type="supplementary-material"}A, S6B, S6D, and S6E). This phenotype was again rescued by coelectroporation of Ndel1SA ([Figures S6](#mmc1){ref-type="supplementary-material"}C, S6D, and S6E). Thus, our data suggest that excessive phosphorylation of Ndel1 results in disruption of the Ndel1/Lis1 complex in *PP4c* mutant mice and is responsible for the spindle orientation defect. In the future, it will be interesting to examine which regulatory subunit forms the complex with PP4c to regulate spindle orientation.

Notch Signaling Is Disrupted in PP4c-Depleted Progenitors {#sec2.7}
---------------------------------------------------------

To address how cell fates might be affected by the spindle orientation defects, we analyzed the Notch signaling pathway. Notch signaling plays an essential role in regulating neural progenitor proliferation and differentiation ([@bib43]) and has been proposed to be an important downstream mediator of the asymmetric cell division machinery in the mammalian epidermis ([@bib55]). To determine Notch activity, we used a Notch reporter (CBFRE-EGFP) that carries a CBF1-reponse element upstream of EGFP. The intensity of EGFP in the cell reflects endogenous Notch activity ([@bib37; @bib6]). The CBFRE-EGFP construct was coelectroporated with either a *PP4c* or a scrambled shRNA into E13.5 mouse brains. The resulting downregulation of *PP4c* by shRNA or genetic removal of *PP4c* via Cre expression in *PP4c*^fl/fl^ background caused a significant reduction in EGFP fluorescence when compared to controls ([Figures 6](#fig6){ref-type="fig"}A and 6F). Counting the numbers of highly GFP-positive cells in which the Notch pathway is active showed that this effect is highly significant ([Figure 6](#fig6){ref-type="fig"}I). The defect is specific as the decreased Notch activity can be restored by coelectroporation of an RNAi-resistant *PP4c* construct ([Figures 6](#fig6){ref-type="fig"}C and 6I). We then asked whether overexpression of Ndel1SA could rescue the Notch signaling defect caused by the downregulation of PP4c. Indeed, the Notch activity was rescued upon expression of Ndel1SA, but not Ndel1SE ([Figures 6](#fig6){ref-type="fig"}D, 6E, and 6I). We noticed that expression of Ndel1SE, but not Ndel1SA, led to a defect on the Notch activity ([Figures 6](#fig6){ref-type="fig"}G, 6H, and 6I), which most likely is due to the spindle orientation defect ([Figures 5](#fig5){ref-type="fig"}B and 5C). We also examined whether the Notch targets, like *Hes1*, are reduced in PP4c mutant brains. Quantitative real-time PCR revealed that the level of *Hes1* mRNA is significantly reduced in *PP4c* mutant cortex compared to the control cortex ([Figure 6](#fig6){ref-type="fig"}J). These results suggest that the misoriented spindle in the neural progenitors of *PP4c* knockouts could affect Notch signaling activity. Given that Notch signaling activity regulates neural progenitor proliferation and differentiation in the developing neocortex ([@bib15; @bib43]), these data indicate that PP4c regulates neural progenitor proliferation through spindle orientation-dependent Notch signaling activity.

Discussion {#sec3}
==========

In this study, we have examined the role of PP4c in regulating neural progenitor proliferation and differentiation in the mouse neocortex. Our data suggest that PP4c regulates Ndel1 phosphorylation and its interaction with Lis1 to control the orientation of the mitotic spindle in cortical progenitors. When *PP4c* is deleted at the onset of neurogenesis, the resulting spindle orientation defects lead to premature differentiation of cortical progenitors into neurons and severe defects in cortical layering and brain cytoarchitecture. When deleted at E12.5, however, these defects are no longer observed, although mitotic spindles in progenitor cells assume a random orientation. Thus, our data indicate that correct spindle orientation is essential in RGPs during a critical time window at the onset of neurogenesis to prevent differentiation of neural progenitors and the maintenance of cortical integrity.

A Critical Role of Spindle Orientation for the Maintenance of the Progenitor Pool at the Onset of Neurogenesis {#sec3.1}
--------------------------------------------------------------------------------------------------------------

During the initial neuroepithelial stages of cortical development (E8.5--E9.5), neural progenitors expand by dividing symmetrically. Neurogenesis ensues at E10.5 and gradually increases until E14.5, when most neuroepithelial divisions are asymmetric, generating one progenitor and one neuron or basal progenitor. This transition is accompanied by a gradual change of spindle orientation: while most mitotic spindles are parallel to the epithelial surface at E10.5, almost half of them show an oblique orientation at E14.5 ([@bib44]). We propose that this gradual transition in spindle orientation is important to allow a gradual increase in neurogenesis rates and proper cortical morphogenesis. Upon the removal of *PP4c* at the onset of neurogenesis through Emx1Cre-mediated recombination, the number of progenitors with oblique orientation of the mitotic spindle was significantly increased. As a consequence, huge numbers of neurons were generated at the expense of the progenitor pool, suggesting that planar spindle orientation is important for the regulation of neural progenitor self-renewing divisions during early cortical development. This regulation seems to be temporally controlled as a similarly dramatic change in neuronal numbers was not observed when *PP4c* is removed by NestinCre recombination at E12.5. Interestingly, these phenotypic differences are not due to different effects on spindle orientation. In fact, a statistical analysis of 3D spindle orientation data reveals essentially complete randomization of spindles in *PP4c*^fl/fl^;NesCre mice, suggesting that PP4c activity itself is not regulated in time but the sensitivity toward spindle manipulation decreases over time.

Together with previous data, our findings suggest a model in which three different stages can be distinguished for the role of spindle orientation for lineage specification in the developing cortex ([Figure 7](#fig7){ref-type="fig"}). During the early neuroepithelial stages ([Figure 7](#fig7){ref-type="fig"}A), before neurogenesis, correct spindle orientation is required for the survival of neuroepithelial progenitors ([@bib56]). At the onset of neurogenesis ([Figure 7](#fig7){ref-type="fig"}B), spindle orientation is no longer required for progenitors to survive but is essential to maintain a symmetric division mode in a fraction of those progenitors and to maintain the progenitor pool, which essentially contributes to the cortical lamination. As the rate of neurogenesis increases, the importance of spindle orientation for progenitor maintenance decreases and, during the peak of neurogenesis ([Figure 7](#fig7){ref-type="fig"}C), oblique orientation of the mitotic spindle (as observed upon overexpression of *mInsc* or mutation of *LGN*) is correlated with the production of intermediate progenitors or outer radial glial progenitors (oRGs) ([@bib44]). How these distinct modes of cell-fate regulation in the developing cortex and their connections to spindle orientation are brought about is currently unclear. Most likely, daughter cells arising from the division of neural progenitors respond differently to the various signaling pathways acting at different developmental stages, such as Notch and FGF ([@bib43; @bib20]).

Although we observed spindle randomization in *PP4c*^fl/fl^;NesCre, we did not observe an increase in intermediate progenitors as seen in *mInsc* knockin mice or *LGN* mutants ([@bib44; @bib29]). This could potentially be explained, because mInsc overexpression results in an increase of oblique/vertical divisions when analyzed by an improved methodology to model the random distribution of spindle orientation (C.J., Y.X., and J.A.K., unpublished data), whereas *PP4c*^fl/fl^;NesCre mice show random spindle orientation. Alternatively, activities of the mutant genes other than spindle orientation could be responsible. In *Drosophila*, redundant pathways regulating spindle orientation have been observed ([@bib51]). Mud (known as NuMA in mammals), for example, competes with Insc (known as mInsc in mice) to bind to Pins (known as LGN/AGS3 in mammals) ([@bib35]). In addition, an astral microtubule-dependent pathway, the Dlg-Pins-Gai pathway, can compensate for the Mud-Pins-Gai pathway ([@bib50]). As Lis1, Ndel1, and Dynein are downstream of both of those pathways, similar redundancies in vertebrates could explain the seemingly different phenotypic outcome.

Correct Spindle Orientation at the Onset of Neurogenesis Is Required for Cortical Development {#sec3.2}
---------------------------------------------------------------------------------------------

During brain development, the birth date of neurons is correlated with distinct laminar fates in the cerebral cortex ([@bib38]). Therefore, it is crucial for the establishment of cortical lamination that the correct number of neurons is generated at a given developmental stage. Our data suggest that PP4c-mediated spindle orientation is important for cortical lamination during early neurogenesis but dispensable during later stages. Depletion of *PP4c* in *PP4c*^fl/fl^;Emx1Cre brains led to a reduction of the brain size. Importantly, cortical layers were completely disrupted in *PP4c*^fl/fl^;Emx1Cre brains with no coherent layers formed. We found upper layer neurons positive for Brn2 within deep layers, while Tbr1-positive deep layer neurons were distributed throughout the cortex. We attribute those defects to the spindle orientation defect and the premature neuronal differentiation at the expense of proliferating progenitors at the early stage of cortical development. When *PP4c* was removed later by NestinCre-mediated recombination, cortical layers were formed correctly. Therefore, our data suggest that the expansion of the progenitor pool during a critical period at the onset of neurogenesis is essential for cortical layer development.

A potential explanation for the cortical layering defects is provided by the recent discovery of a new population of neural progenitors that express *Cux2* and exclusively generate upper layer neurons ([@bib14]). These progenitors arise at the onset of neurogenesis from bipotent progenitors that first expand during an initial prolioferation phase and then generate both Cux2-positive and -negative cells. It is conceivable that spindle misorientation in *PP4c*^fl/fl^;Emx1Cre mice could deplete the bipotent progenitors during the initial proliferation phase. This could explain the apparent depletion of upper layer neurons that we observe in the *PP4c*^fl/fl^;Emx1Cre mice. It could also explain the layering defects as layer formation at those later stages could be compromised due to the depletion of radial glial progenitors that provide the scaffold for radial neuronal migration. In support of this, *Cux2* has been shown as a downstream target of Notch signaling ([@bib27]) and Notch signaling is disrupted in those mice.

This mechanism that regulates the expansion of the early progenitor pool may be evolutionarily conserved. During human brain development, the cortical surface is expanded dramatically compared to the mouse brain ([@bib33]). Expansion of the progenitor pool during early stages of brain development may be essential for the generation of a sufficient number of progenitors, which in turn differentiate into the large number of neurons during brain development ([@bib25]). This is accompanied by a change in progenitor cell lineage. In the mouse cortex, two neurons typically arise from each progenitor division, because intermediate progenitors typically divide only once. Human neurogenesis, in contrast, involves a transit-amplifying population called outer radial glia (oRG) cells (also called outer subventricular zone progenitors or basal radial glia), so that many more neurons can arise from each progenitor division. Modeling a similar lineage divergence in the *Drosophila* brain ([@bib3]) has shown that the existence of a transit-amplifying population not only changes neuron number but also kinetics of neurogenesis: neurogenesis rates increase exponentially rather than linearly over time and fewer neurons are generated during early stages, while neurogenesis is dramatically increased in later stages. Besides simply increasing neuron numbers, therefore, the lineage changes that occurred during mammalian evolution may also affect the cortex by modifying the numbers of neurons generated at specific times of neurogenesis.

Several microcephaly-associated proteins, such as MCPH1, CDK5RAP2, and Nde1, have been shown to regulate spindle orientation and progenitor proliferation in rodent brains ([@bib19; @bib13]). Mutation of these genes leads to severe microcephaly disease in humans ([@bib34]). It is likely that imbalanced progenitor proliferation and differentiation mediated by misoriented mitotic spindles are causal for those various microcephalies. Given that PP4c is a key regulator of proliferative divisions of neural progenitors during early cortical development, it is of great interest to examine whether such a role of PP4c is conserved during human brain development.

Experimental Procedures {#sec4}
=======================

Mice {#sec4.1}
----

Homozygous *PP4c*^fl/fl^ mice ([@bib54]) were crossed to Emx1-Cre mice ([@bib17]) to generate *PP4c*^fl/+^;Emx1Cre mice, which were further crossed with *PP4c*^fl/fl^ mice to generate *PP4c*^fl/fl^;Emx1Cre mice and the littermate controls phenotypic WT embryos, *PP4c*^flox/+^; Emx1Cre (Ctr). To obtain *PP4c*^fl/fl^;NesCre mice and the littermate controls *PP4c*^fl/+^;NesCre (Ctr), we used Nes11Cre mice (generously provided by Dr. Ondrej Machon, Olso University Hospital, Norway).

In Utero Electroporation {#sec4.2}
------------------------

In utero electroporations were carried out essentially as described previously in [@bib44]. Briefly, for experiments at E14.5, timed pregnant C57BL/6J mice were anesthetized, uterine horns were exposed, and 1.5 μg/μl DNA solution was injected in the lateral ventricle. Platinum electrodes (5 mm, BTX) were positioned on either side of the embryonic head and five 50 ms pulses of 33 mV with 950 ms intervals were applied with an electroporator (BTX, ECM830). After electroporation, uterine horns were placed back into the abdominal cavity and wounds were sutured. Brains were analyzed 3 days later. For experiments at E11.5, the procedure was altered in that injections were guided by ultrasound visualization (Vevo 770, scanhead RMV711, Visualsonics) and electrode pulses were adjusted to 25 mV. Embryo positioning was identified by ultrasound signal and visually using a highpower lightsource. All procedures were performed in accordance with protocols approved by the institutional animal care.

Immunohistochemistry {#sec4.3}
--------------------

Mouse brains were fixed in 4% paraformaldehyde overnight at 4°C followed by cryoprotection in 30% sucrose until they sunk to the bottom. Coronal sections were prepared using a cryostat (Leica Micro-systems). Brain sections were permeabilized with 0.1% Triton X-100 for 15 min and then incubated with blocking solution (5% normal goat serum, 0.1% Triton X-100, and 5% BSA in PBS) for 1 hr at room temperature, followed by the incubation of primary antibody at 4°C overnight. The following primary antibodies have been used: goat anti-PP4c (1:50, Santa Cruz), mouse anti-γ-Tubulin (1:1,000, Sigma), mouse anti-N-Cadherin (1:500, BD Biosciences), rabbit anti-PH3 (1:300, Millipore), rabbit anti-Pax6 (1:300, Covance), mouse anti-Tuj1 (1:1,000, Covance), rabbit anti-Caspase-3 (1:300, Cell Signaling), chicken anti-GFP (1:1,000, Abcam), rabbit anti-Stab2 (1:300, Abcam), rabbit anti-Brn2 (1:200, Santa Cruz), rabbit anti-Tbr1 (1:250, Abcam), rabbit anti-Tbr2 (1:300, Abcam), and mouse anti-Ki67 (1:100, Cell Signaling).

After incubation with the primary antibody, sections were washed in PBS, followed by the incubation with appropriate fluorescence-conjugated secondary antibodies for 1 hr at room temperature before mounting.

Real-Time qPCR {#sec4.4}
--------------

mRNA was isolated from both control and *PP4c*^fl/fl^;Emx1Cre cerebral cortex using TRIzol reagent (Invitrogen) and cDNA was synthesized from 3 μg of total RNA using Superscript II with random primers (Invitrogen). Real-time PCR was performed on a C1000 Thermal Cycler (Bio-Rad). Quantification was performed using CFX Manager software (Bio-Rad) with data normalized to the level of *Actin* mRNA. The following primer sequences were used: Actin Forward: 5′-TTTGCAGCTCCTTCGTTGC-3′, reverse: 5′-CCATTCCCACCATCACACC-3′ and Hes1 Forward: 5′-TCCAAGCTAGAGAAGGCAGACA-3′, reverse: 5′-CGCGGTATTTCCCCAACA-3′.

Spindle Angle Analysis {#sec4.5}
----------------------

Brain sections were stained with N-Cadherin to outline the cell shape and PH3 to identify the anaphase and early telophase dividing cells. γ-Tubulin was used to mark centrosomes. Images of z stack sections were taken by Zeiss LSM780 confocal microscopy and 3D reconstruction of the confocal stacks was done with IMARIS software (BITPLANE scientific software) as described previously in [@bib44]. Briefly, we define x, y, and z coordinates of the two centrosomes and five points within the ventricular surface of the 3D-rendered mitotic progenitors. These five points are used to determine the best-fitting plane by orthogonal distance regression. Then, we calculate the angle φ between the vector connecting two centrosomes and the normal vector of the best-fitting plane. The angle α of spindle orientation is calculated as 90° minus the angle φ. To estimate the uncertainty of each spindle orientation angle, we repeat this calculation for all possible combinations using only four out of the five points within the plane and determine the angular SD of the resulting normal vectors.

Immunoprecipitation and Western Blot {#sec4.6}
------------------------------------

*PP4c*^fl/fl^;NesCre and control forebrains were homogenized with lysis buffer (10 mM Tris \[pH 7.5\], 135 mM NaCl, 5 mM EDTA, 0.5% Triton X-100) containing protease inhibitor mixture and protein phosphatase inhibitor (Roche). The lysates were subjected to immunoprecipitation with anti-Ndel1 antibody or IgG control with Dynabeads protein G (Invitrogen). The elution and input were loaded onto a 3%--8% Bis-Tris gel (Invitrogen), blotted with primary and secondary antibodies, and visualized with ECL Plus (Amersham Biosciences).

Primary antibodies used were rabbit anti-Lis1 (1:500, Santa Cruz), rabbit anti-Ndel1 (1:2,000; [@bib54]), goat anti-PP4c (1:500, Santa Cruz), and mouse anti-α-Tubulin (1:5,000, Sigma).

Cell-Cycle Exit Assay {#sec4.7}
---------------------

EdU labeling was carried out by intraperitoneal injection of 100 μm of 1 mg/ml EdU in PBS into pregnant mice carrying E12.5 embryos. Twenty-four hours later, mice were killed and embryonic brains were dissected and sectioned. Sections were stained with anti-Ki67 antibody (1:100, BD pharmingen) and postfixed with 4% PFA before the EdU detection (Invitrogen).
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![PP4c Localizes to Centrosomes and Is Essential for the Cortical Lamination in the Developing Mouse Brain\
(A) Western blot of cortical lysates from various developmental stages probed for PP4c. The relative level of PP4c is quantified using Image J software and the level of PP4c at E11.5 is normalized to 1.\
(B) Immunostaining of E14.5 brain sections shows higher PP4c expression in the ventricular zone (VZ).\
(C) Coronal sections stained for PP4c (green) and the centrosomal marker γ-Tubulin (red).\
(D--D″) Higher magnification of box marked in (C). Arrows in (D″) indicate colocalization of PP4c (green) with the centrosomal marker γ-Tubulin (red).\
(E--J) Confocal images of E18.5 coronal sections from *PP4c*^fl/+^;Emx1Cre brains (Ctr) (E--G) and *PP4c*^fl/fl^;Emx1Cre brains (H--J) stained with layer-specific markers Brn2 (layer II-III), Ctip2 (layer V), and Tbr1 (layer VI) in green. Sections were counterstained with DAPI (blue). Arrows in (H) indicate mislocalized upper layer neurons in deep layers.\
Scale bars represent 20 μm in (B) and (C), 10 μm in (D)--(D″), and 50 μm in (E)--(J).\
See also [Figures S1](#mmc1){ref-type="supplementary-material"} and [S2](#mmc1){ref-type="supplementary-material"}.](gr1){#fig1}

![PP4c Is Required for Neural Progenitor Maintenance during Early Cortical Development\
(A--L) Confocal images of coronal sections from *PP4c*^fl/+^;Emx1Cre brains (Ctr) (A--C and G--I) and mutants (D--F and J--L) at indicated developmental stages stained for Tuj1 (A--F, green) or PH3 (G--L, green) and DAPI (G--L, blue).\
(M) Quantification of PH3-positive cells per 100 μm VZ surface at different developmental stages in controls (blue bar) and mutants (red bar) (at least three brains were analyzed for each genotype).\
(N--Q) RGPs and BPs are identified by staining for Pax6 (N and P) and Tbr2 (O and Q), respectively, in controls (N and O) and *PP4c* mutants (P and Q).\
(R and S) Quantification of Pax6-positive RGPs (R) and Tbr2-positive BPs (S).\
(T and U) Mitotic exit rates in control brains (T) and PP4c-deficient brains (U): neural progenitors double labeled for EdU (for 24 hr) and Ki67. Cells that exited the cell cycle during the past 24 hr are EdU positive but Ki67 negative.\
(V) Number of cells exiting the cell cycle was increased in *PP4c*^fl/fl^;Emx1Cre brains compared to controls (n = 3 for each genotype).\
Data are presented as mean ± SEM; ns, not significant; ^∗^p \< 0.05, ^∗∗^p \< 005, ^∗∗∗^p \< 0.001; Student's t test for two-tailed distribution with unequal variance.\
Scale bars represent 50 μm in (A)--(Q) and 20 μm in (T) and (U).](gr2){#fig2}

![Depletion of PP4c Leads to Misorientation of the Mitotic Spindle of Neural Progenitors\
(A) Samples of 3D-reconstructed mitotic progenitors from three different classes of divisions. Cell outline and centrosomes (asterisks) are marked by N-cadherin (red) and γ-Tubulin (red), respectively. PH3 (green) marks mitotic DNA (DAPI, blue).\
(B and C) Distribution of spindle orientation in RGCs from *PP4c*^fl/+^;Emx1Cre (Ctr) and mutant brains (B) and statistic analysis of the distribution of spindle orientation (C). Data are presented as Circular Standard Deviation. ^∗∗∗^p \< 0.001, Wilcoxon rank-sum test.\
(D--I) TUNEL (green, D and E) and caspase-3 (red, F) staining in *PP4c*^fl/fl^;Emx1Cre brains. (D′--F′) Enlargements of the areas indicated in (D)--(F) show that Pax6-positive RGPs (red) and Tbr2-positive BPs (red) are negative for TUNEL staining. Newborn neurons labeled with Tuj1 (green), however, are positive for caspase-3, whereas either TUNEL or caspase-3 is barely detectable in control brains (G--I). Scale bars represent 20 μm.\
See also [Figure S3](#mmc1){ref-type="supplementary-material"}.](gr3){#fig3}

![Cortical Integrity Is Maintained upon the Depletion of PP4c at a Later Developmental Stage\
(A and B) Orientation of the mitotic spindle is randomized in RGPs of *PP4c*^fl/fl^;NesCre (mut) brains, while the majority of spindles of RGPs are orientated parallel to the ventricular surface in PP4c^fl/+^;NesCre (Ctr) brains at E12.5. Distribution (A) and statistic analysis (B) of spindle orientation are presented. Data are presented as Circular Standard Deviation. ^∗∗∗^p \< 0.001, Wilcoxon rank-sum test.\
(C--H) Cortical layers are formed correctly at postnatal day 3 (P3) in *PP4c*^fl/+^;NesCre (Ctr) and *PP4c*^fl/fl^;NesCre brains as revealed by the staining of layer-specific markers Brn2 (C, C′, F, and F′), Ctip2 (D, D′, G, and G′), and Tbr1 (E, E′, H, and H′). DNA (DAPI) is blue. Scale bars represent 50 μm.\
See also [Figure S4](#mmc1){ref-type="supplementary-material"}.](gr4){#fig4}

![PP4c Acts through Ndel1-Lis1 to Regulate Spindle Orientation\
(A) Binding of Ndel1-Lis1 was tested in E15.5 brains by coimmunoprecipitation. Ndel1-Lis1 binding was reduced in *PP4c*^fl/fl^;NesCre brains (Mut) compared to *PP4c*^fl/+^;NesCre brains (Ctr). Data are presented as mean ± SEM.\
(B and C) In utero electroporation was performed at E14.5 using various constructs indicated. Distribution (B) and statistic analysis (C) of spindle orientation are presented. Spindle angles were analyzed at E17.5. Data are presented as Circular Standard Deviation. ^∗∗^p \< 0.005, ns, not significant, Wilcoxon rank-sum test.\
See also [Figures S5](#mmc1){ref-type="supplementary-material"} and [S6](#mmc1){ref-type="supplementary-material"}.](gr5){#fig5}

![Notch Activity Is Reduced in Progenitors upon PP4c RNAi\
(A--H) Notch activity was analyzed 2 days after in utero electroporation performed at E13.5 using a Notch reporter construct (CBFRE-GFP, green) together with constructs expressing Scramble (A), shPP4c (B), shPP4c and an RNAi resistant form of PP4c (Res) (C), shPP4c and Ndel1(SA) (D), shPP4c and Ndel1(SE) (E), Cre under a CAG promoter in PP4c^fl/fl^ background (F), Ndel1(SA) (G), or Ndel1(SE) (H).\
(I) Quantification of the percentage of GFP^high^ cells in the neocortex (the number of cells quantified for each condition is indicated in the bars; at least three animals were analyzed for each condition). ^∗∗∗^p \< 0.001, data are shown as mean ± SEM, Student's t test for two-tailed distribution with unequal variance.\
(J) Decreased Notch target *Hes1* mRNA in *PP4c*^fl/fl^;Emx1Cre (Mut.) brains compared to *PP4c*^fl/fl^ (Contr.) brains (n = 3 for each condition). ^∗^p \< 0.05, data are shown as mean ± SEM, Student's t test for two-tailed distribution with unequal variance.](gr6){#fig6}

![A Mode that Illustrates Developmental Roles of Spindle Orientation in the Mouse Brain\
During early neuroepithelial stages before neurogenesis (A), planar spindle orientation is essential for the survival of neuroepithelial progenitors. Misoriented spindles resulting from disruption of Lis1 function lead to dramatic apoptosis in progenitor cells ([@bib56]). During a critical time window at the onset of neurogenesis (B), planar spindle orientation is required for expansion of the RGP pool and to prevent premature neuronal differentiation. Loss of *PP4c* mediated by Emx1Cre leads to dramatically increased neuronal differentiation accompanied by depletion of the progenitor pool. At the peak of neurogenesis (C), oblique spindle orientation promotes indirect neurogensis, as observed upon overexpression of *mInsc* ([@bib44]).](gr7){#fig7}
